Abstract As part of this series devoted to heart failure (HF), we review the epidemiology, diagnosis, pathophysiology, and treatment of HF with preserved ejection fraction (HFpEF). Gaps in knowledge and needed future research are discussed.
cases, HFpEF occurs in older individuals and is more common in women [93] . HFpEF is nearly always associated with multiple cardiovascular and non-cardiovascular comorbidities including hypertension, coronary artery disease (CAD), corrected valvular disease, diabetes mellitus, obesity, dyslipidemia, disordered sleep breathing, lung disease, anemia, and renal disease. Some studies suggest that HFpEF patients have a higher comorbidity burden than patients with HFrEF [5, 35] , but a community HF surveillance study enrolling older HF patients did not find differences in the comorbidity burden of the two types of HF [27, 28] . Nonetheless, noncardiac deaths are more common in HFpEF than HFrEF [21, 51, 120] .
Patients with discrete cardiac conditions known to cause HF in the setting of preserved EF (untreated primary valve disease, pericardial disease, congenital heart disease, highoutput HF, and hypertrophic or infiltrative cardiomyopathies) are unique entities with specific pathophysiology and treatment and are not considered as HFpEF, although persistent diastolic dysfunction and HF after correction of severe aortic stenosis may represent a subset of patients with HFpEF. As signs and symptoms of HF are nonspecific, a diagnosis of HFpEF is strengthened by concurrent evidence of diastolic dysfunction, structural abnormalities such as left ventricular hypertrophy or left atrial enlargement, and serological markers such as brain natriuretic peptide (BNP) and NT-proBNP, but none of these are necessary or sufficient to make the diagnosis [12] . While BNP assays can be helpful in establishing the diagnosis and prognosis of HFpEF, the levels are lower in HFpEF than HFrEF due to obesity, transient elevation of filling pressures in early HFpEF, and lower wall stress (the stimulus to BNP production by the cardiomyocyte) due to the concentric remodeling characteristic of HFpEF [61] . Diastolic dysfunction is typically documented by resting Doppler echocardiographic measures (Fig. 1) . Like any diagnostic test, these Doppler echocardiographic measures have imperfect sensitivity and specificity for hemodynamic derangements, but are useful for both epidemiologic studies and clinical management as long as their limitations are recognized and direct invasive assessment is utilized when the clinical suspicion for HFpEF is high, but noninvasive measures are negative or inconclusive. Much emphasis has been placed on the E/ e′ ratio as a marker of elevated filling pressures. However, the predictive characteristics of E/e′ for elevated pulmonary capillary wedge pressure were only "good" with an area under the receiver operating characteristics curve of approximately 0.80 [92] . An E/e′ of >15 is fairly specific, but quite insensitive for elevated filling pressures. The more parameters that are abnormal, the more confidence can be placed in the diagnosis of elevated filling pressures, and a comprehensive evaluation is critical and should include measurement of the pulmonary artery systolic pressure (PASP), which is usually at least mildly elevated in HFpEF patients [80] . Importantly, in HFpEF patients with purely exertional symptoms, resting filling pressures may be normal, but with exertion, filling pressures may rise rapidly [17] . [105] . E, peak early filling velocity; A, velocity at atrial contraction; DT, deceleration time; Adur, A duration; ARdur, AR duration; S, systolic forward flow; D, diastolic forward flow; AR, pulmonary venous atrial reversal flow; e′, velocity of mitral annulus early diastolic motion; a′, velocity of mitral annulus motion with atrial systole; DT, mitral E velocity deceleration time
Pathophysiology of HFpEF
Here, we will review insights into HFpEF pathophysiology derived from clinical studies utilizing imaging and physiologic testing, the few studies which have examined myocardial tissue from HFpEF patients and proposed unifying paradigms for the genesis of HFpEF. Emphasis is placed on human studies.
Cardiovascular structure and function in HFpEF: integrative pathophysiology
The integrative physiology of human HFpEF has been extensively studied; critical features are outlined below.
LV hypertrophy
Imaging studies indicate that, on average, patients with HFpEF have higher LV mass than healthy controls or patients with hypertension without HF due to concentric remodeling [81, 88] . However, nearly 40 % of patients do not meet echocardiographic criteria for hypertrophy [136] , and the severity of hypertrophy does not distinguish between hypertensive patients with and without HF [80] . A longitudinal community-based study demonstrated that over time, LV systolic and diastolic stiffness increased in older persons despite the fact that use of anti-hypertensive therapies increased and LV mass decreased over time, questioning the central role of progressive hypertrophic remodeling in the genesis of LV dysfunction in HFpEF [19] . Lastly, diastolic dysfunction is common in patients with hypertension and unrelated to the presence or severity of hypertrophy [117] .
LV diastolic function
Whether assessed invasively [14, 135] or noninvasively [81, 88] , at rest, patients with HFpEF have more impaired LV relaxation and diastolic stiffness compared to healthy or hypertensive controls without HF. Importantly, diastolic dysfunction and elevation of filling pressure may be absent at rest in patients with predominantly exertional symptoms (impaired diastolic reserve) [17, 20] . While diastolic dysfunction is thought to play a key role in the genesis of symptoms in HFpEF, noninvasive evidence of diastolic dysfunction is very common in elderly patients without HFpEF [105] . Thus, resting diastolic dysfunction appears necessary, but not necessarily sufficient to produce HFpEF.
Slow relaxation
Relaxation is regulated by factors that affect cross-bridge detachment including calcium regulation of the troponin complex, the chemical steps in cross-bridge adenosine triphosphate (ATP) cycling, mechanics of force generation, and length dynamics of individual sarcomeres [119] . Cardiac relaxation depends on both energy-dependent calcium (Ca 2+ ) reuptake and elastic recoil determined by the viscoelastic properties of the myocardium. Ca 2+ removal is primarily via the sarcoplasmic reticulum Ca 2+ ATPase (SERCA2a) and the sarcolemmal sodium-calcium exchanger [71] . The appropriate function of this process requires adequate SERCA2a expression/regulation and cardiomyocyte bioenergetics. Adenoviral transfer of SERCA2a improves LV relaxation rate in rats [107] , and decreased SERCA2a activity accelerated heart failure in a mouse model [110] . Phospholamban inhibits SERCA2a function in its unphosphorylated state, and studies have demonstrated a phosphomimetic improved diastolic function in animal models of HF [57, 67] . Natriuretic peptides or nitric oxide increases cGMP and protein kinase G (PKG) and hasten relaxation, likely via effects on calcium sensitivity [97, 130] . As calcium reuptake is highly energy-dependent, relaxation is very sensitive to ischemia or myocardial energetic deficits known to be present in HFpEF [99] .
The role of impaired relaxation in contributing to elevation in filling pressures at rest or with exercise in HFpEF has been difficult to establish, in part due to the lack of agents which acutely and selectively alter lusitropic function. Impairment in LV relaxation can elevate LV pressures in early diastole, but modeling experiments indicate that impaired LV relaxation does not elevate mean and end-diastolic pressures at normal heart rates. However, in the presence of tachycardia, impairment in LV relaxation can result in elevated mean and enddiastolic LV pressure [50] (Fig. 2) . A study of HFpEF patients undergoing exercise with hemodynamic monitoring showed that relaxation improved (decrease in the time constant of isovolumic relaxation, τ) by 8-30 % (depending on tau calculation technique) with exercise, but the percent of diastole required for complete relaxation increased due to the tachycardia and loss of diastasis [14] . However, studies using noninvasive estimates of relaxation (time to peak filling or e′ velocity) during exercise have varied, with some finding no change and others finding worsening of relaxation with exercise in HFpEF [69, 99] .
Of note is that a recent study comparing exercise performance in HFpEF with or without treatment with the I f channel inhibitor ivabradine showed that peak oxygen uptake (VO 2 ) increased dramatically after short-term (7 days) therapy with ivabradine [69] . The dramatic improvement in VO 2 was associated not only with a reduction in peak heart rate but also with accelerated LV relaxation (increased e′ velocity) at rest and with exercise and attenuation of exercise-induced increase in filling pressures (E/e′). The improvement in myocardial relaxation may be due to a direct effect of ivabradine on myocardial relaxation or effects on arterial load [106] . These favorable effects may be specific to the disease state as acute administration of ivabradine in normal dogs did not show acute effects on relaxation at rest or with exercise [30] .
LV diastolic stiffness
The presence of increased LV diastolic stiffness is implied by elevation of resting LV filling pressures in the setting of normal or reduced LV volume in HFpEF, but has also been demonstrated by noninvasive estimates of diastolic stiffness [81] and by invasive pressure volume analysis using single-beat analysis to reconstruct diastolic pressure-volume relationships at rest and with exercise (Fig. 3) [14, 135] . The concept of increased myocardial stiffness solely as a passive, chronic condition resulting from myocardial fibrosis has been abandoned as studies have shown that while fibrosis and enhanced collagen stiffness due to collagen cross-linking are present in HFpEF and associated with increased myocardial or LV diastolic stiffness [9, 65, 123, 125] , diastolic myocardial stiffness is increased even in patients without increased fibrosis [9] and acute changes in myocardial diastolic stiffness can occur due to ischemia [108] or, as reviewed below, other factors which affect titin properties.
LV systolic performance
While EF is maintained in HFpEF, systolic chamber and myocardial function are not normal in HFpEF. LV systolic stiffness (end-systolic elastance, E es ) is coupled to increases in arterial stiffness (arterial elastance, E a ) to maintain stroke volume and mechanical efficiency. While E es is a measure of contractility, it is also affected by chamber remodeling and passive myocardial stiffening, and human and animal studies confirm that E es can be increased in the setting of impaired myocardial contractility [11, 26, 98] . Both E a and E es are increased as compared to normal subjects in patients with hypertension without HF and in HFpEF patients [15, 81, 88] . In hypertensive patients without HF, increases in E es are associated with increased myocardial contractility, as assessed by stress-corrected endocardial or midwall myofiber shortening and other load-insensitive parameters, while in HFpEF, contractility is reduced, suggesting that in HFpEF, increases in E es are related to increased passive stiffness [15] . Factors that enhance stiffness in diastole may be magnified in systole, and increases in diastolic stiffness (E d ) are coupled to increases in E es [11, 15, 26] . Reduction in myocardial contractility was associated with mortality [15] in HFpEF, suggesting that processes mediating the subtle impairment in contractility may be important in the pathophysiology of HFpEF. Consistent with this, EF declines (modestly) over time in HFpEF, independent of CAD or myocardial infarction, and the severity of decline is associated with mortality [34] . Importantly, even in the absence of epicardial CAD, HFpEF patients do not increase their EF normally in response to exercise or beta-adrenergic stimulation [18, 91, 99, 100] . Impairment in systolic reserve in the setting of normal or reduced LV volume may contribute to inability to increase cardiac output with stress. Fig. 2 Impaired LV relaxation increases diastolic filling pressure in the presence of tachycardia: reproduced with permission from [50] . Modeling experiments defining the impact of variation in the time constant of isovolumic relaxation on pressure-volume loops at heart rate of 60 bpm (a and c). Increases in τ values from 20 to 80 ms cause little change in the mean and end-diastolic LV pressure. At a heart rate of 120 bpm (b and d), increases in τ values cause increases in the mean and end-diastolic LV pressure
Coronary vasculature
There is some controversy over whether patients who present with HF and normal EF and who are found to have CAD should be considered to have HFpEF.
Epicardial CAD
Observational studies indicate that 50 % of patients with HFpEF carry a clinical diagnosis of CAD [25, 88] , but concern over under-and over-diagnosis of CAD in elderly HFpEF patients exists [29] . Dyspnea can be an anginal equivalent, but in the setting of normal EF, but the vast majority of patients with chronic stable CAD do not have HF. Many patients with hypertensive pulmonary edema have CAD, but do not develop reduced EF or wall motion abnormalities during the acute HF event despite marked increases in load [42] . Patients with HFpEF, hypertensive pulmonary edema, and CAD who underwent coronary revascularization frequently had recurrent hypertensive pulmonary edema [70] . In a small study, patients with HF, EF>40 %, and prior myocardial infarction had better outcomes if treated with beta-blockers [4] , but the effect of anti-anginal therapy and revascularization on the clinical course of patients with HFpEF is not well defined. In observational studies, HFpEF patients treated with statins have better outcomes [41] , and whether this is due to an effect on CAD progression or inflammation is unclear [96] .
Coronary microvasculature
Patients with HFpEF may also complain of chest pain in the absence of CAD, and this may be related to elevated filling pressures with reduction in coronary perfusion pressure during diastole, coronary endothelial dysfunction, or microvascular rarefaction [55] . Coronary microvascular rarefaction has been postulated to play a role in limiting systolic and diastolic reserve, predisposing to chronic ischemia and fibrosis and progression to HF, but, to date, has not been investigated in HFpEF patients [55, 116] .
Peripheral vasculature
Studies suggest that patients with HFpEF have reduced aortic distensibility [59] and higher total arterial load (arterial elastance, E a ) than healthy controls [81, 88] . Systemic vasorelaxation in response to exercise is attenuated in HFpEF due to impaired endothelial function [16, 18, 37] . Both decreases in aortic distensibility and flow-mediated vasodilatation correlate with the severity of exercise intolerance in HFpEF [18, 59] .
Ventricular vascular coupling
The increases in E a and E es in HFpEF produce heightened sensitivity to changes in preload and afterload. Increases in load thus produce greater increases in blood pressure, which can accentuate impairment in relaxation and diastolic stiffness and predispose to flash pulmonary edema [43, 115] . Decreases in load due to overdiuresis or vasodilators result in exaggerated decreases in blood pressure and limit the improvement in stroke volume with afterload reduction, which figures so prominently into therapeutic strategies in HFrEF (Fig. 4) [112] . This fundamental difference in LV mechanics may contribute to the differences in response to vasodilating neurohumoral antagonists seen in HFpEF and HFrEF [13] .
With exertion, ventricular vascular coupling is normally enhanced with marked increases in E es and much smaller increases in E a (balance of decreases in resistance and increased contribution of aortic stiffness and heart rate [14] ) shows summary data for diastolic pressure-volume relationships of HFpEF patients at rest (black) and with exercise (red) plotting raw (solid) and relaxation-corrected (dashed) data. With exercise, the position of the diastolic pressure-volume relationship shifts upward with increasing diastolic pressure at similar volumes. The diastolic stiffness constants calculated from these relationships increased significantly with exercise during exercise), resulting in a decrease in E a /E es and maximizing increases in stroke volume with exertion. In HFpEF, decreases in the E a /E es ratio with exercise are markedly blunted, resulting in blunted increases in stroke volume [1, 18] .
Left atrium
The left atrium (LA) is enlarged in HFpEF, and the degree of atrial remodeling is a rough index of severity and chronicity of HFpEF [86] . Decreases in LA compliance may be due to atrial volume overload or an upwards shift of the LA pressurevolume relationship. Atrial physiology is complex as the atrium has booster (atrial contraction), conduit (flow from pulmonary veins to LV during LV diastolic filling), and reservoir (atrial filling during ventricular systole) function [56] . Reduced LA compliance is an important contributor to mean LA pressures, PASP, and right heart load in left heart disease and manifests as large "V waves" in LA or pulmonary capillary wedge pressure wave forms, particularly during exercise and in the absence of significant mitral regurgitation (Fig. 5 ) [8, 48, 111] . Indeed, such wave forms are a hemodynamic hallmark of HFpEF.
Chronic LA pressure overload and structural remodeling in HFpEF leads to electrical remodeling and predisposes to atrial fibrillation, which occurs in two thirds of HFpEF patients at some point in their natural history [133] . Atrial fibrillation is associated with a more severe clinical and structural phenotype, more impaired exercise capacity, and worse outcomes [132, 133] . Whether atrial fibrillation is simply a marker of more advanced LV dysfunction and HF or contributes to the progression of HFpEF via loss of atrio-ventricular synchrony, inappropriate heart rate regularity or responsiveness or via impaired LA compliance with increases in pulmonary venous and right ventricle (RV) load is unclear. Studies of rate vs. rhythm control in atrial fibrillation have not included patients with HFpEF. [112] . Observed and predicted end-systolic pressure volume changes with acute vasodilation in HFpEF and HFrEF. Patients were administered similar doses of nitroprusside with invasive hemodynamic monitoring. Observed changes in the end-systolic pressure-volume coordinates (diamonds) in HFpEF (black) compared to HFrEF (red) with reduction in arterial elastance (E a , dashed lines) were similar to those predicted based on resting left ventricular end-systolic elastance (E es , solid lines) and the observed changes in E a with nitroprusside. Reduction in afterload produces greater blood pressure drop and less increment in stroke volume in HFpEF than HFrEF due to the difference in E es Fig. 5 Reduced left atrial compliance resulting in giant atrial "v" waves in HFpEF: reproduced with permission from [8] . Hemodynamic tracings from a HFpEF patient are shown. a Severe pulmonary arterial hypertension is noted at baseline. There is also elevation in the pulmonary capillary wedge pressure with a prominent V wave (36 mmHg). Right atrial pressure is elevated. b Sodium nitroprusside is administered, reducing pulmonary artery and pulmonary capillary wedge pressure and the V wave. c After re-equilibration, inhaled nitric oxide (iNO) is administered to increase pulmonary venous flow. Despite pulmonary arterial vasodilatation, pulmonary arterial pressures do not decline due to increased flow, but a marked rise in mean pulmonary capillary wedge pressure and in the V-wave amplitude is seen. Simultaneous echocardiography confirmed the absence of mitral regurgitation. Similar increases in V-wave amplitude are seen with exercise in HFpEF and are a hemodynamic hallmark of HFpEF Pulmonary vasculature and RV The chronic pulmonary venous hypertension in HFpEF leads to increases in PASP mediated both by the passive pulmonary venous hypertension and by increases in pulmonary arterial resistance, leading to "out-of-proportion" pulmonary hypertension, increases in RV load, and, ultimately, RV dysfunction [80, 122] . The degree of pulmonary hypertension is a sensitive measure of disease severity as it is potently associated with outcomes in HFpEF [80] .
Ventricular interdependence
The pericardium and external forces contribute one third of resting LV end-diastolic pressure [31] and may play a greater role with stress. Enhanced ventricular interdependence has been postulated to play a prominent role in the pathophysiology of HFpEF [66] . Marked atrial or RV enlargement in HFpEF may exaggerate ventricular interdependence.
Chronotropic incompetence
A majority (50-75 %, depending on rigor of criteria for chronotropic incompetence) of patients with HFpEF display chronotropic incompetence independently of negative chronotropic agents [16, 18, 23, 104] . Impairment in chronotropic reserve may reflect β-adrenergic receptor desensitization [16] or global autonomic dysfunction. While adequate chronotropic reserve is a key contributor to adequate cardiovascular reserve [22] , it remains unclear whether increasing rate responsiveness would enhance exercise tolerance in HFpEF. It is notable that while rate-adaptive pacing is uniformly used in patients receiving pacing for bradycardia, its value in improving exercise tolerance or symptoms is not well established [82] . Indeed, paradoxically, a negative chronotropic agent, the I f channel antagonist ivabradine improved maximal exercise capacity dramatically in HFpEF (above) [106] .
Reserve dysfunction A cardinal feature of HF is exertional intolerance, and while episodes of acute decompensated HF and advanced symptoms are common in HFpEF, a significant portion of patients have exertional dyspnea as their predominant symptom, and HFpEF patients uniformly have reduced submaximal and maximal exercise performance [16] [17] [18] 36 , 37, 68, 99, 100, 104]. As outlined above, patients with HFpEF display multiple abnormalities in all functions which contribute to exertional capacity with reduced chronotropic, peripheral vasodilatory, LV diastolic, LV systolic, and ventricular-vascular coupling reserve functions. It is logical to assume that reserve dysfunction is the first manifestation of "early HFpEF" [17] .
Summary of integrative HFpEF pathophysiology
The studies reviewed above indicate the multiple perturbations in cardiovascular function apparent in patients with HFpEF, which are summarized in Fig. 6 , and underscore the challenges for finding effective therapies.
Myocardial structure and function in human HFpEF: cardiomyocyte biology
The underlying myocardial alterations in human HFpEF are incompletely defined as endomyocardial biopsy, and surgical specimens commonly available in HFrEF are rarely available in HFpEF. A small number of studies obtained endomyocardial biopsies in highly selected, younger HFpEF patients and variable comparator groups; their findings are reviewed below.
Cardiomyocyte stiffness
Consistent with the increased LV chamber diastolic stiffness in HFpEF, increased passive cardiomyocyte stiffness is present in HFpEF as compared to controls [9] . As compared to patients with HFrEF, passive cardiomyocyte stiffness was are increased in HFpEF, resting contractile function is subtly impaired, as is the ability to appropriately dilate the peripheral vasculature and enhance chronotropic and LV systolic and diastolic performance with exercise (impaired reserve function). Chronic elevation of LV filling pressures leads to left atrial remodeling and dysfunction, mixed pulmonary hypertension, and, ultimately, right ventricular (RV) remodeling and dysfunction. Atrial remodeling leads to atrial fibrillation (AF), which contributes prominently to HFpEF pathophysiology. The HF state leads to neurohumoral (NH) activation and aggravates underlying age-and comorbidity-related renal dysfunction. These perturbations express first as effort intolerance and progress to lead to advanced HF greater in HFpEF [123] and greater in diabetic than nondiabetic HFpEF patients [125] . Importantly, cardiomyocyte stiffness was similarly increased in HFpEF patients with normal collagen volume fraction [9] .
Myocardial fibrosis
Fibrosis is a nearly invariant feature of hypertrophic remodeling in humans and animal models and may be due to inflammation, ischemia, and neurohumoral and cytokine activation in disease states associated with increased load leading to increased collagen deposition and reduced fibrinolysis [24] . The increases in collagen volume fraction and collagen crosslinking reported in several studies indicate that, on average, myocardial fibrosis is present in HFpEF and contributes to diastolic dysfunction [9, 10, 65, [123] [124] [125] 129] .
In RVendomyocardial biopsy specimens from controls and younger HFpEF patients (median age, 60 years) with hypertrophy and diastolic dysfunction, collagen I and III protein and gene expression, collagen I/III ratio, and tissue inhibitor of metalloproteinase (TIMP-1) expression were increased while cardiac matrix metalloproteinase (MMP-1) expression was decreased, consistent with both increased deposition and inhibited degradation of collagen in HFpEF [129] . While patients had normal plasma c-reactive protein (CRP) levels, there was increased expression of the vascular cell adhesion molecule VCAM-1, which initiates trans-endothelial migration of inflammatory cells to the myocardium, and TGF-β-secreting inflammatory cell infiltration was present. Harvested cardiac fibroblasts showed myofibroblast transdifferentiation and increased collagen production and TIMP-1 expression in response to incubation with TGF-β. This study provided strong evidence that cardiac inflammation may be an initiator or propagator of cardiac fibrosis in HFpEF. The genesis of the inflammatory response remains to be defined, but chronic hemodynamic stress, neurohumoral activation, and/or comorbidities may all play a role. Very recently, studies in murine myocardial infarction further implicate inflammation in the pathophysiology of HF, showing that activation of mononuclear phagocytes is central to the progression of cardiac remodeling in HF and that heightened antigen processing in the spleen plays a critical role in this process. Splenocytes (presumably splenic monocytes and dendritic cells) promote immune-mediated injurious responses in the failing heart. Activated splenocytes from HF mice promote cardiac injury when infused into non-HF mice [60] .
Chronic ischemia with cell death and replacement fibrosis may result from epicardial CAD, which is common in HFpEF [25, 88] . Furthermore, it has been postulated that coronary microvascular density may be decreased in HFpEF due to destruction of microvessels or inadequate angiogenesis and contribute to chronic ischemia and the progression to HF [55, 116] .
Nitric oxide signaling
In endomyocardial biopsies from patients with HFpEF, HFrEF, or aortic stenosis, impairment in coronary microvascular endothelial cell-cardiomyocyte nitric oxide signaling was evident in HFpEF as compared to aortic stenosis or HFrEF patients, with decreases in cGMP concentrations, lower PKG activity, and increased markers of nitrosative/ oxidative stress (increased myocardial nitrotyrosine levels) in HFpEF patients [124] . The reduction in PKG activity was associated with increases in passive cardiomyocyte stiffness, and this and previous studies show that cardiomyocyte stiffness is acutely reduced with the addition of PKG or protein kinase A (PKA) in vitro, findings related to the phosphorylation of phospho-sensitive sites on titin which modulate titin and cardiomyocyte passive stiffness (see below). The reduction of cGMP and PKG activity in HFpEF did not appear to be due to increases in cGMP-degrading phosphodiesterases (PDE) or a reduced expression of the NO receptor-soluble guanylyl cyclase (sGC). Rather, lower levels of the cGMPgenerating natriuretic peptides were demonstrated and reduced NO bioavailability or sGC activity due to oxidative stress was suggested by the higher myocardial nitrotyrosine levels. While this study did not include analysis of normal human myocardium, these findings indicate that the cGMP signaling in HFpEF is strikingly different from that of other forms of hypertrophic remodeling.
Titin structure and function
A well-studied mechanism in HFpEF is the contribution of the large sarcomeric protein titin to passive cardiomyocyte, myocardial, and LV stiffness. Titin is a filamentous protein that spans from the Z-disc to the M-band of the sarcomere (Fig. 7 ) and functions as a physiological spring when the cardiomyocyte is stretched and as a regulatory node that integrates cardiomyocyte signaling pathways [73, 74] . In the heart, titin exists in two isoforms due to alternative splicing: the shorter, stiffer N2B isoform and the more compliant N2BA isoform [39] . The ratio of these two isoforms varies by species, during fetal development, and with altered hormonal status [73] . Mechanisms regulating alternative splicing are incompletely understood, but activation of the PI3K/AKT/mTOR pathway by hormonal factors has been shown to promote the expression of the N2B isoform [75, 76] . As recently reviewed [83] , emerging data implicate an RNA-binding motif protein (RBM20) in the regulation of alternative splicing of titin and other myocardial proteins [47] . Mutations in titin [52] and in RBM20 increasing the N2BA:N2B ratio can result in dilated cardiomyopathy, but understanding the effect of cardiovascular disease on the regulation of RBM20 will be important to understand the mechanisms mediating, and the therapeutic potential of regulating, splicing in inherited or non-inherited forms of HF.
The ratio of N2BA/N2B expression impacts cardiomyocyte and, along with the extracellular matrix, myocardial stiffness [84, 89, 90] . While one might expect decreases in the N2BA/N2B ratio if titin isoform switches were to contribute to myocardial stiffening in HFpEF, endomyocardial biopsies from patients with HFpEF, HFrEF, and aortic stenosis indicate increases rather than decreases in the N2BA/N2B ratio in failing or hypertrophied non-failing myocardium as compared to controls (Fig. 8) , which may occur in response to chronic increases in wall stress [10] . Studies in a canine HFrEF model indicate that differential splicing and variable N2BA/N2B ratios may occur in the different cardiac chambers with dramatic reductions in N2BA/N2B ratio in atrial and right ventricular tissue despite minimal changes in the LV in a tachy-paced model of systolic dysfunction [62] .
Another titin-related mechanism which impacts cardiomyocyte stiffness is the phosphorylation of a number of sites in the elastic portion of the titin molecule (Fig. 7) . Phosphorylation of the cardiac-specific N2-B domain [73] by PKA (activated by β-adrenergic signaling-derived cAMP), PKG (activated by NO or natriuretic peptidederived cGMP), ERK2, or Ca 2+ /calmodulin-dependent protein kinase IIδ (CaMKIIδ) decreases titin rigidity and cardiomyocyte passive stiffness [40, 72, 77, 102] . Additional sites phosphorylated by certain kinases have been identified in the disordered PEVK region of titin where PKCα (activated by α-adrenergic activation) phosphorylation increases titin and cardiomyocyte passive stiffness [54, 58] , whereas CaMKIIδ (activated by calcium) can phosphorylate multiple sites on N2-B and PEVK titin [49, 53] (Fig. 7) which decreases titin and cardiomyocyte stiffness [49, 53] . Lastly, the cardiacspecific N2-B domain of titin has the potential for the formation of disulfide bonds, and this mechanism could increase titin and cardiomyocyte stiffness in conditions where inflammation and oxidative stress favor disulfide bond formation [45] .
In endomyocardial biopsies from patients with HFpEF, HFrEF, and aortic stenosis, cardiomyocyte passive stiffness was increased in HFpEF and HFrEF, but not aortic stenosis tissue [10] . Incubating cardiomyocytes with PKA markedly Fig. 7 Cardiomyocyte signaling pathways involved in regulating cardiac titin stiffness. Cardiomyocyte stiffness can be modulated by reversible phosphorylation (P) either within the titin N2-B element by factors activating cAMP/PKA, cGMP/PKG, MEK1/ERK2, and CaMKIIδ or within the titin PEVK element by factors activating CaMKII and PKCα. Titin stiffness can also be modulated by altering the N2BA/N2B titin isoform expression ratio. AC adenylyl cyclase, ATP adenosine triphosphate, βAR β-adrenergic receptor, CaMKII Ca 2+ /calmodulin-dependent protein kinase-IIδ, cAMP cyclic adenosine monophosphate, cGMP cyclic guanosine monophosphate, ERK2 extracellular signal-regulated kinase-2, G small G-protein, GPCR G-protein-coupled receptor, GTP guanosine triphosphate, MEK1/2 MAPK/ERK kinase-1 and kinase-2, mTOR mammalian target of rapamycin, pGC particulate guanylyl cyclase, PI3K phosphatidylinositol-3-kinase, PKA protein kinase-A, PKCα protein kinase-Cα, PKG cGMP-dependent protein kinase-G, PLC phospholipase-C, Raf rat fibrosarcoma protein, Ras rat sarcoma protein, RBM20 RNAbinding motif protein-20, sGC soluble guanylyl cyclase, T3 triiodo-Lthyronine, TR thyroid hormone receptor. Titin segments: Ig, immunoglobulin-like domain; N2-B, cardiac-specific I-band element; PEVK, disordered sequence (>70 % P, E, V, and K residues); FNIII, fibronectin type III-like domain reduced but did not normalize cardiomyocyte stiffness in both forms of HF, but more so in HFpEF than HFrEF (Fig. 8) [10] . In a canine HFpEF model, administration of the PDE-5 inhibitor sildenafil (to inhibit cGMP catabolism, increase cGMP, and enhance PKG signaling) in vivo was associated with increased N2B titin phosphorylation, decreased cardiomyocyte stiffness, and enhanced LV chamber compliance [7] . Increased diastolic compliance was seen with sildenafil administration to post-myocardial infarction patients with diastolic dysfunction [3] , although sildenafil did not increase exercise capacity in the post-myocardial infarction patients or in patients with HFpEF [104] . However, as noted above, in LV tissue from HFpEF patients, cGMP expression and PKG activity were reduced and exogenous administration of PKG reduced cardiomyocyte stiffness in vitro, but the reduction in PKG activity appeared linked primarily to decreases in NO-sGC activity and potentially decreased natriuretic peptide-pGC signaling rather than to increased PDE-5 [124] . This suggests that alternate therapeutic strategies targeting enhancing cGMP production would better enhance PKG activity, titin phosphorylation, and diastolic function in HFpEF.
Unifying paradigms for HFpEF pathophysiology
Controversy over the diagnostic criteria, clinical heterogeneity, limited availability of human tissue, and absence of wellaccepted animal models have hindered efforts to define a unifying paradigm for the pathophysiology of HFpEF. Current and not necessarily mutually exclusive paradigms are reviewed. 
Hypertrophic remodeling and RAAS activation
Studies in experimental models of pressure overload, human valvular disease, and human hypertension have implicated chronic increases in afterload with hypertrophic remodeling as an initially adaptive process that ultimately becomes associated with maladaptive genetic, proteomic, and metabolomic perturbations that manifest with impaired LV diastolic and systolic function [24] . As a history of hypertension is present in most patients with HFpEF, pathologic hypertrophy and RAAS activation has been postulated to be the unifying paradigm in HFpEF [44, 127, 134] . The indisputable fact that blood pressure control (irrespective of the agents used) prevents HF (including HFpEF) lends strong support to this paradigm. However, as noted above, the fact that the severity of hypertrophy per se correlates poorly with HFpEF development or severity and that conventional vasodilating neurohumoral antagonists do not meaningfully modify disease progression once HFpEF [113] is apparent raises the possibility that other factors interact with or are more important than hypertrophic remodeling and RAAS activation in the genesis of HFpEF.
Multi-morbidity
Some have speculated that HFpEF is merely a culmination of the individual effects of comorbidities on myocardial and vascular function [32, 95, 114] . However, cardiovascular structure and function are more abnormal in HFpEF than individuals without HF after adjusting for cumulative burden of comorbidities [88] , and outcomes are worse in patients with HFpEF as compared to comorbidity-matched patients without HF [28] . The mechanisms distinguishing HFpEF patients from similarly aged patients with similar comorbidity burden remain elusive, but age-comorbidity or comorbidity-comorbidity interactions may be important [78, 79] .
Coronary microvascular inflammation
A novel and specific paradigm for HFpEF (Fig. 9) has recently been proposed based on the elegant series of studies in human HFpEF tissue reviewed above [96] . While not entirely exclusive of the other paradigms, this paradigm provides specific mechanisms and speculates that comorbidities induce a proinflammatory state, with coronary microvascular endothelial cell inflammation and reactive oxygen species (ROS) production. ROS interfere with NO/sGC/cGMP signaling through scavenging of NO and formation of the strong oxidant peroxynitrite. Increased oxidative stress affects sGC by both decreasing its expression levels and impairing NO-induced activation [96] . Thus, ROS production can limit cGMP production and PKG activity. Endothelial cell production of VCAM-1 allows inflammatory cells to migrate to the myocardium where they secrete TGF-β, driving the activation of resident fibroblasts to myofibroblasts. Inflammationinduced fibrosis, loss of the anti-hypertrophic effects of PKG, and decreases in PKG-mediated titin phosphorylation all lead to myocardial remodeling and diastolic dysfunction. This paradigm is also supported by studies suggesting the activation of inflammatory biomarkers in HFpEF, observational studies showing better outcomes in statin-treated HFpEF patients [41] , and promising results from a small study of the interleukin-1 antagonist anakinra in patients with HFpEF and elevated CRP levels wherein improvements in CRP and peak exercise capacity were observed [126] . Whether these mechanisms drive HFpEF physiology in all HFpEF patients or only in the younger subjects without CAD included in the myocardial biopsy studies is unclear, but this unifying hypothesis is clearly deserving of further study. Growing comfort with the concept of anti-inflammatory therapy in the prevention of cardiovascular disease [87] may enable therapeutic trials for the prevention or treatment of HFpEF based on this paradigm.
HFpEF treatment
Treatment of HFpEF is empiric and exclusively based on expert consensus with no specific proven medical therapies [131] .
Trials of standard HFrEF therapies in HFpEF
Randomized clinical trials (RCTs) of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (ARB) did not meaningfully impact outcomes in HFpEF even when the results were pooled in a meta-analysis [113] . Beta-blockers have not been adequately tested in HFpEF as the single large RCT of a beta-blocker which included HFpEF patients enrolled relatively few patients with EF>50 % and, thus, was underpowered to address the effects of beta-blockers in HFpEF [38] . Aldosterone antagonists showed some benefit on diastolic function in a small single-center study [33] , but had mixed effects in a larger 6-month, multicenter study of patients with fairly mild HFpEF, where symptoms, quality of life, and peak oxygen consumption did not improve and 6-min walk distance and renal function worsened despite favorable reductions in systolic blood pressure, E/e′, LV mass, and BNP [36] . In the recently presented, but as yet unpublished, large multinational Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) trial, spironolactone did not reduce the primary composite endpoint of cardiovascular mortality, aborted cardiac arrest, and HF hospitalization, although the secondary endpoint of HF hospitalizations was modestly reduced with active therapy. In TOPCAT, there were striking differences in patient characteristics across sites, where very low event rates at some sites raised some concern over the accuracy of the HFpEF diagnosis. The reduction in HF but not all-cause hospitalizations may be related to the much higher incidence of renal dysfunction and hyperkalemia in the active therapy arm of TOPCAT. This raises concern over more general use in older HFpEF patients as marked increases in prescriptions for spironolactone in HF patients in the community after publication of the Randomized Aldactone Evaluation Study trial [101] were associated with proportional striking increases in hospitalizations for hyperkalemia and deaths [64] . Similar to the findings in TOPCAT, in a RCT of digoxin in HFpEF, there were trends toward fewer HF hospitalizations, but no effect on all-cause hospitalization due to proportional increases in acute coronary syndrome hospitalizations in the HFpEF sub-study of the Digitalis Investigator Group trial [2] . Nitrates are sometimes used for symptom relief in HFpEF, but tolerance and effectiveness have never been studied in HFpEF.
Trials of novel therapies in HFpEF
Animal studies and small studies in HFrEF patients suggested the potential for pleiotropic beneficial effects of PDE-5 inhibitors on multiple systems in HFpEF [103] . A small singlecenter study showed dramatic benefit of the PDE-5 inhibitor sildenafil on hemodynamics, RV function, and pulmonary function in HFpEF patients with mixed pulmonary hypertension and RV dysfunction [46] . However, a larger multicenter study in HFpEF patients with severe reduction in exercise capacity did not show benefit of sildenafil on exercise capacity, LV structure or function, symptoms, or clinical outcomes [104] . A sizable proof-of-concept study compared the effects of the dual angiotensin receptor-neprilysin inhibitor LCZ696 to ARB alone and showed reductions in BNP levels and atrial volume [118] , suggesting the potential to impact clinical events in HFpEF. A larger outcomes-based trial of LCZ696 is being considered. The promising findings of the I f channel inhibitor ivabradine were reviewed above [69] , and a larger study in HFpEF in Europe is ongoing. As discussed above, an anti-inflammatory strategy testing the interleukin-1 antagonist anakinra in patients with HFpEF and elevated CRP levels showed benefit in a small proof-of-concept study [126] .
Non-medical therapy for HFpEF
Four RCTs of exercise training in HFpEF each and collectively demonstrate that exercise training enhances exercise tolerance in HFpEF [121] . Given the high prevalence of obesity in HFpEF, the excessive cardiovascular demand and proinflammatory effect posed by morbid obesity, and the limited effectiveness of behavioral therapy for weight loss, bariatric surgery is an appealing potential therapy for obese HFpEF patients. While studies have shown that vascular and diastolic function improves with weight loss after bariatric surgery [128] , no study has been performed in HFpEF. Disordered sleep breathing is common in HFpEF and requires therapy for symptom control, but effect on disease progression in HFrEF or HFpEF remains unclear. Device therapies such as cardiac resynchronization (CRT) or left ventricular assist devices are untested in HFpEF, although CRT could be considered for HFpEF patients with worsening symptoms after RV pacing for bradycardia indications. Gene and cell therapies are also untested in HFpEF, but may hold promise in the future. In an aging rat model of diastolic dysfunction, adenoviral delivery of SERCA restored normal diastolic function, and a small clinical trial in HFrEF with adeno-associated viral delivery of SERCA showed beneficial short-and long-term effects in HFrEF, but to date, effects in HFpEF have not been tested [63, 109, 137] .
Gaps in knowledge and future directions
The lack of an effective therapy for the epidemic of HFpEF represents a failure of our scientific and health care systems that must be rectified. Challenges in diagnosis and clinical trial design in HFpEF are not an excuse that can justify inaction when the economic burden and impact on patients are so clearly defined. Population demographic trends indicating marked increases in the aged population are well outlined, and the scientific community must adjust to the study and treatment of elderly persons with HFpEF and other morbid conditions as these are the patients that drive health care resource utilization. Clinicians need evidence-based approaches to HFpEF therapy in elderly persons. More collaboration between cardiovascular, gerontology, and aging reproduced with permission from [96] disciplines is needed at the basic, translational, and clinical research levels to address the complexity of HFpEF and other diseases in the aging population. Epidemiology studies must continue to characterize the public health burden as there is evidence of continued increase in the burden of HFpEF and evolution of the phenotype. Clinical studies must continue to define the phenotype and integrative pathophysiology, refine diagnostic criteria, characterize unique subgroups, and test novel therapies in representative patient populations using both mechanistic and pragmatic study designs with patientcentric endpoints. Novel animal models incorporating age and multi-morbidity may advance the field, but there is an urgent need for safe methodologies to obtain myocardial tissue in HFpEF patients to define mechanisms and unifying disease paradigms that will guide the development and testing of preventative and therapeutic strategies. 
